The putative Wilms' tumor-suppressor gene ( w t l ) encodes a zinc finger DNA binding protein that functions as a transcription repressor. The w t l gene expression corresponds to kidney development, suggesting a role for this gene in nephroblast differentiation. Here we show that w t l mRNA expression was downregulated during terminal dfferentiation of promyelocytic HL60 cells. When HL60 cells were induced to differentiate to granulocytes by dimethyl sulfoxide (DMSO) or retinoic acid (RA), a marked downregulation in the levels of w t l transcripts was found. The w t l transcripts were also downregulated in HL80 cells during differentiation to monocytes by vitamin DJ or 12-o-tetradecanoyl-phorbol-LMS' TUMOR is a pediatric renal neoplasm that is thought to arise in multipotent cells of the embryonic kidney blastema cells (renal stem cells),' which are insensitive to the normal differentiation signals. Histologically, Wilms' tumor is an entity with a broad range of appearances, which appear to differ in their relative percentages of histologic components (stroma, blastema, and epithelium) and levels of cellular differentiation.2 Further evidence implicating deranged developmental processes in the pathogenesis of Wilms' tumor is its clinically observed association with various congenital abnormalities of the genitourinary tract. Approximately 5% of the children with Wilms' tumor suffer from a gross structural anomaly, which has been ascribed to aberrant differentiation of the gonad or renal parenchema.' Individuals with the WAGR syndrome (Wilms' tumor, aniridia, genitourinary abnormalities, and mental retardation) have an interstitial deletion on chromosome 1 1~1 3 .~ Molecular analysis of this region has allowed identification of a putative tumor suppressor wtl gene.'" This encodes a DNAbinding protein containing four zinc fingers, which bind to the target sequence GCGGGGGCG,8 also recognized by the zinc finger transcription factors EGR1, EGR2, and EGR3.9 In contrast to EGRl-3, WTl protein behaves as a transcriptional repressor in transient transfection assays with synthetic promoter constructs," and has recently been shown to repress a platelet-derived growth factor (PDGF) gene" and an insulin-like growth factor I1 gene" transcriptionally. These findings suggest that WT1 negatively regulates blastemal cell proliferation by limiting the production of a fetal growth factor in renal development.
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The wtl gene is mainly expressed in the developing kidney, testis, ovary, and ~p l e e n . '~ The tissue-specific expression of wtl strongly suggests wtl expression is regulated during the differentiation process. So far, despite the high expression levels seen in the spleen, there have been few studies describing wtl gene expression during hematopoietic cellular differentiation. To ascertain whether there is a linkage between wtl gene expression and hematopoietic cellular differentiation, we analyzed wtl gene expression in human promyeloid leukemia HL60 cells. The HL60 cells serve as a useful model for studying the molecular events that occur during differentiati~n.'~~'~ Here, we show that the steadystate level of wtl gene expression is downregulated during granulocytic/monocytic differentiation of HL60 cells and that the downregulation is mostly caused by posttranscriptional regulation.
MATERIALS AND METHODS
Reagents and cell culture condition. HL60 and K562 cells were maintained at a density of 0.2 to 1.5 X lo6 cells per mL in RPMI-1640 medium (GIBCO, Grand Island, NY) with 10% fetal calf serum and were activated to differentiate with various reagents. The final concentration in the culture medium was 1.6% for dimethyl sulfoxide (DMSO; Merck, Darmstadt, Germany), 1 pmol/L for all-trans retinoic acid (RA; Sigma, St Louis, MO), 50 nmol/L for dihydroxy vitamin D, (Sigma), and 16 nmom (10 ng/mL) for 12-o-tetradecanoylphorbol-13-acetate ('PA; Sigma). For analysis of the effect of protein synthesis on wtl gene expression, HL60 cells were cultured with 10 pg/mL of cycloheximide (CHX; Sigma). The stability of the wtl mRNAs was determined by measuring the amount of the mRNAs after blocking RNA synthesis with 10 pg/mL of actinomycin D (Sigma).
RNA isolation and Northern blot analysis. Total RNAs were extracted from HL60 and K562 cells by the guanidiudCsC1 procedure. Ten micrograms of the total RNAs were separated in 1% agarose formaldehyde gels by electrophoresis and transferred to nitrocellulose filters. The filters were hybridized with '*P-labeled randomly primed cDNA fragments as probes: the 0.6-kb DNA fragment of the human wtl cDNA clone' that was isolated from human Tcell leukemia cells CEM by the reverse transcriptase-polymerase chain reaction method using 5'-CCGAATTCAGGATGTGCGACG-TGTGCCT-3' and 5'-CCGAATTCACCTGTATGAGTCCTGGTG-TG-3' primers, the 2.2-kb human full-length c-myc cDNA,'~ the 4.7- of CHX on wtl transcripts, ribosomal 28s RNAs stained with ethidium bromide were used for internal control. The amount of hybridization was quantified by scanning the autoradiographs with a densitometer (Model 1650; Bio-Rad, Richmond. CA); entire positive signals were scanned using a 0.5 X 3-mm slit, and their highest signals were chosen for quantification analysis.
Nuclear run-on rrunscriprion ussu.vs. Run-on transcription assays and purification of labeled RNA were performed essentially as described previously.'" A total of 2.5 X IO7 HL60 cells were washed twice in cold phosphate-buffered saline, suspended in 500 pL of lysis buffer (IO mmol/L Tris [pH 7.41, 10 mmom NaCI, 3 mmoVL MgCI2, 0.5% NP40), centrifuged at 1, OOOg for 5 minutes, 
RESULTS
Eflect of DMSO on wtl and Rh transcripts. DMSO is well known as an inducer of differentiation in several myeloid cell lines, such as mouse erythroleukemia cells" and HL60 cells.'' The induction of myeloid differentiation was assessed morphologically by microscope examination and by analyzing the effects of DMSO on the MP0 and c-mvc mRNA expressions. Consistent with previous expressions of MP0 and c-my genes were downregulated during DMSO-induced granulocytic differentiation (Fig l) . The c-myc gene transcripts disappeared almost completely at 3 hours after DMSO addition, while the steady-state level of MP0 gene transcripts decreased gradually until 24 hours. Northern blot analysis of wt 1 transcripts in HL60 cells during DMSO-induced differentiation showed that steady-state levels of the wtl transcripts decreased dramatically at 3 hours in DMSO, and thereafter declined gradually; at 24 hours after DMSO addition, the wtl gene expression level was less than 10% of the original level (Fig l ) .
We then examined the change in another putative tumorsuppressor Rb mRNA level resulting from DMSO treatment. We found that, in contrast to the results with the wtl, cm y , and MP0 mRNAs, the steady-state level of Rb mRNA increased gradually (Fig l ) .
Mechanism of DMSO-induced wtl transcriptional alter-
Oh I h 2h 3h nations. To determine whether wtl transcripts are modulated in HL60 cells because of alternation of transcriptional activity in nuclei, the nuclear run-on assay was used. The transcriptional activity of the wt I , Rb, and c-my genes after DMSO-induced differentiation is shown in Fig 2. In control experiments, the plasmid without an insert exhibited little nonspecific hybridization to RNA probes (data not shown), whereas hybridization to plasmids containing various genes was seen (Fig 2A) . The transcription of wtl gene was not affected by DMSO during the course of treatment, indicating that there are few differences in the transcriptional rates of the wtl gene during DMSO-induced granulocytic differentiation of HL60 cells. This situation seems to be quite similar to the data with c-mvc (Fig 2) , which has been described before. '3 In contrast, after a transient reduction, there is an increase of approximately 170% (quantification assessed by scanning densitometry) in the transcription of Rb gene at 24 hours after DMSO addition (Fig 2B) . Thus, the simple interpretation of this result is that Rb gene is being transcribed as a higher rate after DMSO treatment, and this may participate in elevation of the steady-state levels of Rb gene expression.
To compare the stability of the wtl transcripts in uninduced versus induced HL60 cells, the half-lives of wtl mRNA transcripts were analyzed by incubating HL60 cells with actinomycin-D ( I O pg/mL) for up to 3 hours. The differentiated HL60 cells had been treated with DMSO for 24 hours before the addition of actinomycin-D. This caused low expression levels of wtl gene at time 0 hours (Fig 3) . The densitometry analysis of two independent experiments shows the means of half-lives of wtl mRNA in uninduced HL60 cells were approximately 1.4 hours, whereas the means of half-lives in differentiated HL60 cells were approximately 1 . l hours (Fig 3) . Although their slight differences in the half-lives may participate in the changes of mRNA levels, this difference does not fully explain the dramatic changes on wtl mRNA levels during HL60 differentiation.
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Oh l h 3h 6h 9h CHX+DMSO cells.24 Consistent with the previous data,''.*' c-myc and MP0 gene expressions were downregulated (Fig 5) . The wt 1 transcripts were downregulated during RA-induced granulocytic differentiation, but the treatment did not significantly affect the Rb transcripts (Fig 5) . To determine if wt 1 mRNA expression is associated with the HL60 terminal differentiation toward monocytic cells, we also investigated the wtl mRNA expression levels in HL60 cells treated with TPA" The effect of CHX treatment on wtl mRNA levels was analyzed to determine whether protein synthesis is part of the process of the changes wrought by DMSO to this mRNA in HL60 cells. Comparison of the results from cells exposed to CHX alone with those from cells exposed to DMSO plus CHX showed that the downregulation of wtl transcripts by DMSO was mostly blocked (Fig 4) . In the presence of CHX either with DMSO or alone, the wtl mRNA levels were superinduced (elevated fivefold) and remained constant up to 3 to 6 hours. Thus, the downregulation of wtl transcripts appears to require protein synthesis. 
C I d 2d 3d
or vitamin D3." After the TPA treatment, the HL60 cells looked like mature macrophages and exhibited intense adherence to the plastic culture dish surface and markedly adhered to each other, while they were like monocytes and much less adherent after the vitamin D, treatment (data not shown), which are consistent with the previous data."." During the differentiation, both c-myc and MP0 gene expressions were downregulated (Fig 6) . The wtl mRNA was distinctly downregulated during the TPA-and vitamin D,-induced monocytic differentiation, as during the DMSO-and RA-induced granulocytic differentiation (Fig 6) . Thus, these findings suggest that wtl mRNA expressions are downregulated when the HL60 cells mature along the granulocyte and monocyte pathways (Fig 6) .
Effect of DMSO and RA on wt1 transcripts in K562. Although K562 cells are known to be differentiated toward erythroid cells by hemin" or herbimycin A," K562 cells are not differentiated by treatment with DMSO or RA. To investigate whether the downregulation observed for wtl mRNA during differentiation of HL60 cells was caused by nonspecific effect of these reagents, we analyzed wtl tran- scripts in K562 cells exposed to DMSO or RA. As illustrated in Fig 7, wtl mRNA amounts were not significantly downregulated by treatment with DMSO or RA. These results show that the downregulation of wtl mRNAs during HL60 differentiation cannot be explained only in terms of reagents' effect, suggesting that there is a linkage between wtl transcriptional level and differentiation process of myeloid cells.
DISCUSSION
This work demonstrates the downregulation of wtl gene expression during maturation of HL60 cells. When HL60 cells were differentiated into granulocytes or monocytes by treatment with DMSO, RA, TPA, or vitamin D,, wtl transcripts were dramatically decreased. The failure of DMSO or RA to induce downregulation of wtl transcripts in K562 cells, which are not differentiated by these reagents, suggests that the downregulation of wt I transcripts may be associated with cellular differentiation.
The expression of putative tumor suppressor gene p53 has been shown to be downregulated during HL60 cellular differentiation." This suggested a linkage between tumor suppressor genes and cellular differentiation,
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but no such linkage was supported by our analysis of another tumor suppressor gene, Rb. In contrast to wtl, Rb transcripts were transiently elevated in HL60 cells with DMSO-induced differentiation (Fig l) , though no distinctive alteration of the transcripts was observed with RA ( Fig 5) and TPA (data not shown). Therefore, we conclude that Rb transcripts are not significantly modified during cellular differentiation.
We examined how the wt 1 transcripts are regulated during HL60 differentiation. Nuclear run-on assays showed no distinctive alteration in the nascent transcriptional rate of wtl gene during DMSO-induced differentiation (Fig 2) . Comparison of half-lives of wtl mRNA in undifferentiated HL60 cells versus differentiated HL60 cells showed that the stability of wtl mRNA was slightly decreased during the process (Fig 3) . However, it seems not to be a significant difference for explanation of the dramatic downregulation of wtl transcripts. In addition, the downregulation of wtl mRNA expression must require active protein synthesis, because not only was the downregulation abolished during DMSO-induced differentiation, the transcript was actually, temporarily, superinduced because of the inhibition of protein synthesis (Fig  4) . Thus, steady-state levels of w t l gene expression seem to be controlled by some protein(s) with short half-lives.
The wtl gene is exclusively expressed in fetal kidney, spleen, testis, ovary, and brain.'.'.' In the kidney, wt 1 mRNA is predominantly expressed in the early stages of epithelial differentiation in condensing mesenchymal cells, renal vesicle, and glomerular epithelium of developing kidney, suggesting that WTI functions in normal kidney differentiation. In addition, the expression of the gene in the fetal gonad and the genital abnormalities in the WAGR syndrome and sporadic Wilms' tumor suggest that WTI also may function in gonadal development."
Our data presented here cast some light on other aspects of functions of WTI in cellular differentiation. The downregulation of wtl gene during differentiation of promyelocytic leukemia cells suggests that WTI also plays an important part in myelocytic differentiation. WTI probably works in the organs or the specific cell lineage described above to repress the specific gene expressions crucial in the differentiation process. In this context, identification of WTI target genes may enhance the understanding of WTI as a pleiotropic regulator of cell development.
The WTI protein has been identified as a zinc fingertranscriptional repressor that binds specifically to the consensus sequence 5'-GCGGGGGCG-3'.'' The sequence is also
. known to be a target for the zinc finger transcription factors EGR1, EGR2, and EGR3, which transactivate a promoter activity."' Thus, WTI and EGR family function as transcriptional factors in a competitive manner. Interestingly, EGRI has been identified as a myeloid differentiation primary response gene, specifically induced on HL60 macrophage differentiation.'" Recently, it has been shown that EGRI gene expression is rapidly induced in the HL60 cells treated with TPA, whereas granulocyte differentiation cannot be induced in the HL60 cells constitutively expressing an EGRI transgene.j'' These observations spurred the interesting idea that EGR 1 may induce the expression of target genes crucial for monocytic differentiation. Because WTI and EGRI proteins target the same sequence, they may well work in concert to regulate the specific target genes crucial for differentiation and proliferation. In this context, our observations suggest that the decreased expression of WTI gene during monocytic differentiation could decrease wtl repressor protein and subsequently enhance the transcriptions of its target genes that are induced by EGRI. It will not be possible to understand these complicated processes until we know how WTI and EGR family proteins are regulated. The region of chromosome 1 lp13, wt 1 gene IOCUS,~~' is involved in chromosome translocations in some myelogenous leukemia patients. Recently, we reported a case with myelodysplastic syndrome that developed into an overt leukemic phase; this is a IS-year-old girl who has a constitutional chromosome abnormality 46, XX, t(2; I l)(q31;p13)." Some myeloid leukemia patients carry abnormalities involving chromosome 1 1p13.22~.'3 The data obtained in this study and the knowledge about wtl gene expression in fetal spleen suggest that aberrant function of WTI could be associated with myelogenous leukemogenesis in some patients.
In summary, our data suggest that WTI, a zinc finger transcription factor, may play important roles in granulocytic/monocytic differentiation. Further analysis of wtl functions in hematopoietic cells is required to clarify our suggestions.
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